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Abstract

Human antigen R (HuR) is an RNA-binding protein that
posttranscriptionally regulates many cancer-trait genes.
CDC6, a central regulator of DNA replication, is regulated by
HuR. In this study, we investigated the role of HuR in colo-
rectal cancer tumorigenesis and oxaliplatin (L-OHP) resis-
tance, as well as the underlying mechanisms involving CDC6.
We detected increased HuR and CDC6 expression, along with
a positive correlation between the two in human colorectal
cancer tissues. HuR overexpression increased colorectal cancer
cell proliferation in vitro and xenograft tumor growth in vivo,
and induced resistance to L-OHP. In contrast, HuR knock-
down sensitized colorectal cancer cells to L-OHP. CDC6 over-

expression increased while CDC6 knockdown decreased colo-
rectal cancer cellmalignant behaviors (growth,DNA synthesis,
EMT, migration, and invasion) and L-OHP resistance in vitro.
Moreover, L-OHP resistance induced by HuR overexpression
was reversed by CDC6 knockdown. Mechanistically, the
results from our luciferase reporter and ribonucleoprotein
immunoprecipitation assays indicated that HuR upregulates
CDC6 by binding to CDC6 30-UTR. Taken together, our
findings identified HuR's regulation of CDC6 as an essential
mechanism driving colorectal cancer tumorigenesis and
L-OHP resistance, and thismechanismmay represent a poten-
tial target for overcoming drug resistance in colorectal cancer.

Introduction
Colorectal carcinoma is one of themost commonmalignancies

and a leading cause of cancer-related deaths worldwide (1). If the
cancer is diagnosed at a very early stage, surgery is curative in
>90% of cases. However, the diagnosis often occurs at stages II/III
or later, and neoadjuvant chemotherapy and radiotherapy are
sometimes used to shrink the tumor before surgery. Because of the
high risk of recurrence and metastasis in advanced cancers, che-
motherapy ismaintained after colectomy (2). Although the use of

anticancer drugs in monotherapy or in combined treatment
regime has markedly increased the survival of patients with
colorectal cancer, pharmacologic therapies are associated with
severe adverse effects, and the efficacy is eventually limited by the
development of chemoresistance (3). Therefore, understanding
the mechanisms' underlying resistance is critical in developing
novel strategies to improve colorectal cancer treatment.

RNA-binding proteins (RBP) are proteins that bind to the
double or single stranded RNA to regulate RNA processing, such
as splicing, stabilization, localization, and translation. RBPs are
therefore a major mechanism of posttranscriptional regulation
of gene expression (4, 5) and thus, play crucial roles in cellular
functions, development, and disease (6–8). HuR is a member
of the embryonic lethal abnormal vision (ELAV) family of
RBPs (9). HuR selectively binds to AU-rich elements (ARE) in
the 30 untranslated region (30-UTR) of target mRNAs to antago-
nize ARE-mediated mRNA degradation, leading to prolonged
mRNA half-lives and increased translation (10). Genes upregu-
lated by HuR include cancer-trait proteins that promote cell
proliferation and survival, local angiogenesis, as well as those
that facilitate cancer cell invasion, metastasis, and evasion of
immune recognition (11). Thus, it is not unexpected that elevated
HuR expression levels were correlated with more advanced dis-
ease and lower patient survival in many human malignan-
cies (12, 13). The tumorigenic role of HuR in cancer has been
well documented (11, 14, 15). Specifically, HuR is overexpressed
in colorectal cancer tumors and its increased expression correlates
with more advanced disease and poorer clinical outcome as
indicated by numerous reports (14, 16–18). Treatment with
MS-444, a small-molecule HuR inhibitor, led to decreased pro-
liferation and increased apoptotic gene expression in colorectal
cancer cells but not in nontransformed intestinal cells (19). In vivo
blockade of HuR by treatment with MS-444 or gene silencing
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through small interference RNA (siRNA)- or antisense HuR-based
approaches inhibited xenograft colorectal cancer tumor
growth (14, 19). Furthermore, HuR knockdown sensitized colo-
rectal cancer cells to epirubicin-induced apoptosis (15). These
findings support HuR as a potential therapeutic target for circum-
venting drug resistance in colorectal cancer. However, the molec-
ular mechanisms by which HuR confers chemoresistance in
colorectal cancer are not fully understood.

Cell division cycle 6 (CDC6) is a central regulator of DNA
replication. It is part of the prereplicative complex (pre-RC) and is
responsible for loading Mini-ChromosomeMaintenance (MCM)
proteins onto replication origins, an essential step in the initiation
of DNA synthesis (20). In addition, CDC6 promotes cell prolif-
eration and survival through activation of p21- or p27-bound
Cdk2–cyclin A/E complexes and obstruction of apoptosome
formation by binding to Apaf-1 (21). CDC6 is overexpressed in
many cancers, and increasing evidence has linked CDC6 to
human carcinogenesis (22, 23). Interestingly, a systematic anal-
ysis of ARE-mRNA expression in cancer has identified CDC6 as a
direct target of HuR (24). In this study, we investigated the role of
HuR in colorectal cancer tumorigenesis and oxaliplatin (L-OHP)
resistance, aswell as the underlyingmechanisms involvingCDC6.
We found thatHuRpromotes colorectal cancer tumorigenesis and
L-OHP resistance by upregulating CDC6.

Materials and Methods
Cell culture

Human colonic epithelial cells (HCoEpiC) and HT29,
HCT116, SW480, and VACO432 human colon cancer cells were
purchased fromATCC, which performs authentication on its own
cell lines. All cells were maintained in RPMI1640 supplemented
with 10%FBS and100U/mLof penicillin and streptomycin at 5%
CO2 in 37�C incubator.Mycoplasma testingwas performed every 3
months using MycoSEQ Detection kit (Applied Biosystems). All
cell lines were used for fewer than 6 months after receipt or
resuscitation from cryopreservation.

Patients and tissue samples
Colorectal cancer tumor tissues and noncancerous adjacent

tissues were collected from 160 patients who underwent surgical
resection of the primary tumor in the Sixth Affiliated Hospital,
Sun Yat-sen University (Guangzhou, China) from June 2016 to
December 2017. Clinicopathologic characteristics of the patients
are shown in Supplementary Tables S1 and S2. This study was
approvedby the EthicsCommittee of the Sixth AffiliatedHospital,
Sun Yat-sen University (Guangzhou, China) in accordance with
the Declaration of Helsinki and all patients signed informed-
consent documents.

Tissue microarray generation and IHC analysis
A tissue microarray (TMA) containing 160 pairs of colorectal

cancer tumor tissues and matched noncancerous adjacent tissues
was constructed as described previously (25). IHC staining was
performed using anti-HuR (ab200342 1:500 dilution) and anti-
CDC6 (ab109315, 1:300 dilution; Abcam) antibodies. Staining
was considered positive if immunoreactivity was greater than or
equal to 10%. Staining positivity and intensity were scored as
described previously (26). An overall expression score (ranging
from 0 to 12) was calculated by multiplying the positivity and
intensity scores. The expression level was categorized as low or

high. Two pathologists, blinded to the patients' clinical data,
examined and graded the slides independently.

Lentivirus-based vector construction and transduction
Full-length human HuR and CDC6 cDNAs were amplified and

subcloned into the NheI and NotI sites of the pCDH-CMV-MCS-
EF1-puro lentiviral vector (System Biosciences) to generate Lenti-
HuR and Lenti-CDC6 plasmids, respectively. The expression
vectors were cotransfected with psPAX2 and pMD2.G packaging
plasmids into 293T cells using calcium phosphate. HCT116 cells
were infected with rival supernatants for 48 hours in growth
medium containing 8 mg/mL polybrene. The cells were subse-
quently selected with 4 mg/mL puromycin for 14 days to generate
stable cell lines. To knockdown HuR and CDC6, small hairpin
RNAs (shRNA) targeting HuR (HuR-shRNA1–3#) and CDC6
(CDC6-shRNA1–3#), respectively, and a scrambled shRNA (scr)
were synthesized and cloned into the pCDH-CMV-MCS-EF1-puro
lentiviral vector. The shRNA-expressing vectors were cotransfected
with psPAX2 and pMD2.G packaging plasmids into 293T cells
using calcium phosphate. HT-29 cells were infected with rival
supernatants for 48 hours in growthmedium containing 8 mg/mL
polybrene. The cells were subsequently selected with 4 mg/mL
puromycin for 14 days for stable shRNA expression.

In vitro cytotoxicity assay and IC50 determination
The cells were seeded in 96-well plates at a density of

2,000 cells/well. After overnight incubation, the cells were treated
with the indicated concentrations of L-OHP (Sigma-Aldrich) for
5 days. Cell viability was determined on a daily basis using the
Cell Counting Kit-8 (CCK-8) assay (Dojindo Molecular Technol-
ogies) following manufacturer's instructions. The absorbance at
450 nm was recorded on an Epoch microplate spectrophotom-
eter (BioTek). The half maximal inhibitory concentration
(IC50) values were calculated from data obtained on day 5
using GraphPad Prism 7 (GraphPad Software).

Colony formation assay
Cells were seeded in 6-well plates at a density of 300 cells/well

and allowed to grow in the presence or absence of L-OHP
(45 mmol/L for HT-29 and 56 mmol/L for HCT116) for 14 days.
The colonies werefixed inmethanol and stainedwith 0.5% crystal
violet. Colonies of at least 50 cells were counted under a
microscope.

Reverse transcriptase quantitative PCR
Total RNA was extracted using TRIzol reagent (Invitrogen).

Complementary DNA (cDNA) was generated from 1 mg of RNA
using the Revert Aid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific). Quantitative PCR (qPCR) was performed on an
ABI 7500 Real-Time PCR System (Applied Biosystems) using the
Power SYBR Green PCR Master Mix (Thermo Fisher Scientific).
The primers used for PCR were synthesized at Invitrogen: CDC6,
50-AGAAGGGCCCCATGATTGTG-3' (forward) and 50-TAGCTC-
TCCTGCAAACATCCAG-3' (reverse); HuR, 50-AGAGCGATCAA-
CACGCTGAA-3' (forward) and 50-TAAACGCAACCCCTCTG-
GAC-3' (reverse). Data were normalized to GAPDH.

Western blot analysis
Tissue samples and whole cells were lysed in RIPA lysis

buffer (Beyotime Biotechnology) containing protease inhibitors
(Roche). The protein concentrations were determined using the
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BCA Protein Assay Kit (Beyotime Biotechnology). Total proteins
(50 mg per sample) were separated by SDS-PAGE and transferred
to polyvinylidenefluoridemembranes (Millipore). After blocking
in 5% nonfat milk, the membranes were incubated overnight at
4�C with primary antibodies toward HuR (ab200342, 1:1,000
dilution,), CDC6 (ab109315, 1:1,000 dilution), E-cadherin
(ab40772, 1:500 dilution), N-cadherin (ab18203, 1:500 dilu-
tion), andVimentin (ab92547, 1:500 dilution), respectively. After
incubation with horseradish peroxidase (HRP)-conjugated sec-
ondary antibody at roomtemperature for 2hours, themembranes
were washed and visualized with the Pierce ECLWestern Blotting
Substrate (Thermo Fisher Scientific) on a ChemiDoc XRSþ ECL
Detection System (Bio-Rad). b-Actin was used as internal loading
control.

Cell migration and invasion assays
To assess cell migration, cells (2 � 104) in 100 mL serum-free

medium were loaded to the top chamber of uncoated 24-well
inserts (BD Biosciences). The bottom chamber was filled with
600 mLmedium containing 10%FBS. After incubation at 37�C for
16 hours, nonmigrating cells on the top surface of the membrane
were gently removed, and cells that had migrated to the bottom
surface of themembranewere counted under aNikonmicroscope
at � 200 magnification. Cell invasion assay was carried out in
Matrigel-coated 24-well inserts (BD Biosciences) following iden-
tical procedures.

Tumor xenograft model
To assess the effects of HuR overexpression on colorectal

cancer tumorigenesis and L-OHP resistance in vivo, HCT116
cells (2 � 106) stably transfected with Lenti-HuR or the empty
vector were subcutaneously injected into the flanks of 6-week-
old male BALB/cA-nu mice (Shanghai SLAC Laboratory Animal
Co. Ltd.). On day 7 days after tumor cell inoculation, the mice
received subcutaneous 5 mg of L-OHP/kg body weight or
normal saline once every 3 days. Tumor volume was measured
every 3 days using the following formula: volume ¼ length �
width2/2. All mice were sacrificed 30 days after inoculation
and photographed. Tumors were harvested, weighed, and sub-
jected to TUNEL staining for apoptosis detection. HuR and
CDC6 levels were evaluated by IHC staining. All experiments
were performed according to the Principles of Laboratory
Animal Care [National Society for Medical Research (NSMR)]
and conformed to the NIH guidelines. The study protocol was
approved by the Ethics Committee of the Sixth Affiliated
Hospital, Sun Yat-sen University (Guangzhou, China).

Ribonucleoprotein immunoprecipitation analysis
To probe the association of HuR and CDC6mRNA, HT-29 and

HCT116 cell lysates were incubated with agarose beads (Sigma)
coated with anti-HuR antibody (ab200342, 1:200 dilution) or
control IgG for 4 hours at room temperature. RNA was isolated
from the immunoprecipitation complexes and CDC6mRNAwas
analyzed by qRT-PCR.

Luciferase reporter assay
A fragment of 30-UTR of human CDC6 containing the putative

HuR-binding site (CDC6 30-UTR wt) was amplified by PCR. A
mutant 30-UTR fragmentwas created by site-directedmutagenesis.
CDC6 30-UTR wt and CDC6 30-UTR mut were subcloned into the
Promega psiCHECK2 luciferase vector (Promega). The luciferase

reporter plasmids were cotransfected with pcDNA3.1-HuR or the
empty vector into 293 cells. Luciferase activity was determined at
48 hours after transfection using the Dual Luciferase Assay Kit
(Promega) as described previously (27). The relative luciferase
activity was normalized to Renilla activity.

BrdU incorporation assay
HT-29 cells transfected with scr, CDC6-shRNA1#, or CDC6-

shRNA2# for 48 hours and HCT116 cells transfected with Lenti-
CDC6 or the empty vector for 48 hours were incubated with
10 mmol/L bromodeoxyuridine (BrdU; Sigma Chemicals) for
1 hour. The cells were subsequently rinsed and fixed in 4%
paraformaldehyde for 10 minutes. After washing in PBS, the cells
were permeabilized in 0.2%TritonX-100 for 10minutes followed
by treatment with 4 mol/L HCl. After neutralization using phos-
phate/citric acid buffer, the cells were blocked in goat serum for 60
minutes and incubated with anti-BrdU antibody (Cell Signaling
Technology) overnight at 4�C. The cells were then incubated with
fluorochrome-conjugated secondary antibody at room tempera-
ture in the dark and examined under a fluorescence microscope.
Total and positively stained cells (at least 1,000) were counted.
The labeling index was calculated as the percentage of positive
cells out of total cells.

Analysis of apoptosis by flow cytometry
After treatment, cells were double-stained with Annexin V-FITC

and propidium iodide (PI) for 15 minutes and subjected to flow
cytometric analysis (BD Biosciences).

Statistical analysis
All results are presented as the mean � SD from three

independent experiments. Student t test was employed to
detect significant differences between two groups. Data within
multiple groups were compared using one-way ANOVA fol-
lowed by Dunnett Multiple Comparison Test or Bonferroni
Multiple Comparison Test. P values of less than 0.05 were
considered statistically significant. The correlations between
HuR expression and clinicopathologic characteristics of
patients were analyzed by the Pearson x2 test. Survival curves
were generated using the Kaplan–Meier method and analyzed
by log-rank test. Statistical analysis was performed using SPSS
17.0 software (SPSS).

Results
HuR and CDC6 are upregulated in colorectal cancer tumor
tissues

The qRT-PCR analysis of 30 pairs of human colorectal cancer
tumor tissues (TNM I–III) and matched noncancerous adjacent
tissues revealed relatively higher HuR and CDC6 mRNA levels in
cancerous tissues (Fig. 1A and B). In keeping with this, Western
blot and IHC analysis of selected pairs of tumor (TNM I–III) and
adjacent control tissues showed increasedHuR andCDC6protein
expression in tumor tissues (Fig. 1D–F). Moreover, a positive
correlation between tumorous HuR and CDC6mRNA expression
was detected by Spearman correlation analysis (Fig. 1C). Subse-
quent IHC analysis of a tissuemicroarray (TMA) consisting of 160
pairs of tumor (TNM I–III) and matched noncancerous tissues
confirmed HuR and CDC6 upregulation in tumor tissues (Sup-
plementary Figs. S1A and S1B and S2A and S2B). In addition, high
HuR expression was found to be associated with tumor
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differentiation grade and TNM stage, as well as poor patient
survival (Supplementary Table S1; Supplementary Fig. S1C).
Similarly, CDC6 expression was associated with cancer differen-
tiation grade (Supplementary Table S2).

HuR promotes colorectal cancer tumorigenesis and resistance
to L-OHP in vitro

Compared withHCoEpiCs, HT29 and SW480 but not HCT116
and VACO432human colorectal cancer cells showed significantly

Figure 1.

HuR and CDC6 are upregulated in colorectal cancer tumor tissues. HuR (A) and CDC6 (B) mRNA expression in human colorectal cancer tumors and
noncancerous adjacent tissues by qRT-PCR (n¼ 30 per group, �� , P < 0.01). C, The correlation between HuR and CDC6mRNA expression in human colorectal
cancer tumors by Spearman correlation analysis (R¼�0.3548, P¼ 0.0012).D, HuR and CDC6 protein expression in human CRC tumors (T) and noncancerous
adjacent tissues (N) byWestern blot analysis. HuR (E) and CDC6 (F) expression in human colorectal cancer tumors and noncancerous adjacent tissues by IHC
staining. Scale bar, 50 mm.
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Figure 2.

HuR confers resistance to L-OHP in colorectal cancer cells. A, Relative HuRmRNA expression in HT-29, HCT116, SW480, and VACO432 human colorectal cancer
cells and normal colonic epithelial cells (HCoEpiC) by qRT-PCR (n¼ 3; � , P < 0.05; �� , P < 0.01 vs. HCoEpiC). Relative HuRmRNA (B) and protein (C) expression in
HT-29 cells transfected with HuR-shRNA1#, 2#, 3# or scr (n¼ 3; � , P < 0.05; �� , P < 0.01; ���, P < 0.001 vs. scr). Relative HuRmRNA (D) and protein (E) expression
in HCT116 cells transfected with Lenti-HuR (HuR-OE) or the empty vector (NC; n¼ 3; �� , P < 0.01 vs. NC). F, HCT116 Cells were seeded in 12-well plates, grown to
about 70% confluency and treated with L-OHP, cetuximab, or irinotecan at the indicated concentrations for 24 hours. HuR levels were assessed byWestern blot
analysis. HuR signals were quantified and normalized for the corresponding b-Actin signals. In the graph, normalized HuR levels are plotted against the drug
concentration for both the 24-hour treatment time. Dots represent the average of three experiments� SD. G, HT-29 cells transfected with HuR-shRNA1#, 2# or
scr were allowed to grow in the L-OHP (45 mmol/L), cetuximab (20 mg/mL), irinotecan (63 mmol/L), or culture medium (Control) for 48 hours. Cell viability was
assessed by CCK-8 kit. (n¼ 3; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001 vs. scr). H, HCT116 cells transfected with Lenti-HuR (HuR-OE) or the empty vector (NC) were
allowed to grow in the L-OHP (56 mmol/L), cetuximab (350 mg/mL), irinotecan (34 mmol/L) or culture medium (control) for 48 hours. Cell viability was assessed
by CCK-8 kit. (n¼ 3; � , P < 0.05; �� , P < 0.01 vs. NC). HT-29 cells transfected with HuR-shRNA1#, 2# or scr (I) and HCT116 cells transfected with Lenti-HuR
(HuR-OE) or the empty vector (NC; J) were allowed to grow in the presence or absence of L-OHP (56 and 45 mmol/L for HT-29 and HCT116 cells, respectively) for
14 days. Colony formation was assessed under a microscope. (n¼ 3; � , P < 0.05; ��, P < 0.01). HT-29 cells transfected with HuR-shRNA1#, 2# or scr (K) and HCT116
cells transfected with Lenti- HuR (HuR -OE) or the empty vector (NC; L) were treated with L-OHP (45 mmol/L for HT-29 and 56 mmol/L for HCT116) for 48 hours.
Cell apoptosis was determined by flow cytometry with Annexin V-FITC and PI double staining (n¼ 3; �, P < 0.05; �� , P < 0.01).
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higher HuRmRNA expression (Fig. 2A). To illustrate the function
of HuR in colorectal cancer tumorigenesis and chemoresistance,
we generated three stable HT-29 cell lines, each expressing a
shRNA targeting HuR (Fig. 2B and C), as well as a stable HCT116
cell line overexpressingHuR (Fig. 2DandE).Next,wehave chosen
to study HuR regulation in the colon cancer cell line HCT116
under conditions when cells are subjected to stress induced by
three kinds of anticancer drugs. The results showed that the
protein level of HuR increased significantly with the increase of
L-OHP concentration. In contrast, HuR protein level only
increased slightly with the increase of cetuximab and irinotecan
concentrations (Fig. 2F). Further studies showed that the cell
viability of knock down HuR decreased when there was no drug
treatment,while the cell viability of overexpressionHuR increased
slightly. Moreover, compared with corresponding control, HuR-
silenced HT-29 cells showed a higher sensitivity to L-OHP while
HuR-overexpressingHCT116 cells exhibited stronger resistance to
L-OHP. However, the other two drugs did not show such a strong
cell viability decrease or increase, which were similar to the drug-
free treatment (Fig. 2G and H). Subsequently, in the colony
formation assay, the number of colonies formed from L-OHP–
treated HT-29 cells was significantly lower than that from vehicle-
treated control, and the number was lower still from drug-treated,
HuR-silencedHT-29 cells (Fig. 2I). In contrast, a higher number of
colonies was detected in drug-treated HCT116 cells overexpres-
sing HuR than that in drug-treated control (Fig. 2J). In addition,
we assessed L-OHP–induced cell apoptosis using flow cytometry.
Compared with corresponding control, HuR-knockdown HT-29
cells showed greater cell apoptosis while HuR-overexpressing
HCT116 cells displayed decreased apoptosis after L-OHP treat-
ment (Fig. 2K and L).These data supported that HuR confers
colorectal cancer cells resistance to L-OHP in vitro.

HuR promotes colorectal cancer tumorigenesis and resistance
to L-OHP in vivo

Next, we investigated the function of HuR in colorectal cancer
tumorigenesis and L-OHP resistance in vivo using a mouse xeno-
graft model. We found that tumors derived from HCT116 cells
overexpressing HuR grew faster compared with those derived
from control cells, and they were also more resistant to
L-OHP–induced cytoreduction than control tumors (Fig. 3A–
C). TUNEL staining revealed increased resistance to L-OHP–
induced apoptosis in HuR-overexpressing tumors (Fig. 3D). In
addition, higher CDC6 expression was detected in HuR-over-
expressing tumors than control by IHC staining andWestern blot
analysis (Fig. 3E and F).

CDC6 promotes colorectal cancer cell growth, DNA synthesis,
EMT, migration, and invasion

The qRT-PCR results revealed higher CDC6 mRNA expression
in HT29 cells than in HCoEpiCs (Fig. 4A). SW480, HCT116,
and VACO432 cells also showed somewhat higher CDC6 expres-
sion than HCoEpiCs, but the differences were not statistically
significant (Fig. 4A).On the basis of these data, we generated three
HT-29 cell lines with stable CDC6 knockdown by shRNA trans-
fection (CDC6-shRNA1-3#; Fig. 4B and C). A stable HCT116 cell
line overexpressing CDC6 was also generated (Fig. 4E and F).
Compared with scr-transfected control cells, CDC6-knockdown
HT-29 cells showed reduced cell proliferation (Fig. 4D) alongwith
decreased DNA synthesis (Supplementary Fig. S3A). We also
detected decreased N-cadherin and Vimentin, but increased

E-cadherin expression in CDC6-knockdown cells compared with
control (Fig. 4H), suggesting that CDC6 knockdown reduces
epithelial–mesenchymal transition (EMT). In alignment with
this, CDC6-knockdown cells exhibited decreased cell migration
and invasion than control (Fig. 4J). In contrast, CDC6-overex-
pressing HCT116 cells displayed increased cell proliferation and
DNA synthesis (Fig. 4G; Supplementary Fig. S3B), as well as
enhancedEMTmarker expression and cellmigration and invasion
(Fig. 4I and K) compared with control. To evaluate the role of
CDC6 in L-OHP resistance, we assessed L-OHP–induced cell
apoptosis using flow cytometry. Compared with corresponding
control, CDC6-knockdown HT-29 cells showed greater cell apo-
ptosis while CDC6-overexpressing HCT116 cells displayed
decreased apoptosis before or after L-OHP treatment (Supple-
mentary Fig. S3C and S3D).

Collectively, these data indicated that CDC6 drives colorectal
cancer cell malignant behaviors and promotes resistance to
L-OHP–induced apoptosis in vitro.

HuR targets 30-UTR of CDC6
To find out whether CDC6 is regulated by HuR, we con-

structed luciferase reporter systems comprising the wild-type
or mutant 30-UTR of CDC6 at the putative HuR-binding site
(Fig. 5A). Cotransfection with pcDNA3.1-HuR resulted in
increased luciferase activity in wild-type but not in mutant
reporter construct (Fig. 5B), supporting that HuR directly binds
to the 30-UTR of CDC6. The ribonucleoprotein immunopre-
cipitation data confirmed direct association between HuR and
CDC6 mRNA in both HT-29 and HCT116 cells (Fig. 5C and D).
Furthermore, HuR knockdown in HT-29 cells decreased while
HuR overexpression in HCT116 cells increased CDC6 expres-
sion (Fig. 5E and F). Together, these data provided strong
evidence that HuR binds to the 30-UTR of CDC6 to upregulate
CDC6 expression in colorectal cancer cells.

HuR promotes colorectal cancer cell resistance to L-OHP
through CDC6

Having shown that HuR directly upregulates CDC6 in colorec-
tal cancer cells, we speculated that CDC6 acts downstream ofHuR
to promote colorectal cancer tumorigenesis and L-OHP resis-
tance. Indeed, HCT116 cell migration and invasion increased by
HuR overexpression was inhibited by CDC6 knockdown
(Fig. 6A), and HT-29 cell migration and invasion reduced by
HuR knockdown was restored by CDC6 overexpression (Fig. 6B).
In the colony formation assay, L-OHP resistance caused by HuR
overexpression in HCT116 cells was prevented by CDC6 knock-
down (Fig. 6C), and L-OHP sensitization induced by HuR knock-
down in HT-29 cells was reversed by CDC6 overexpression
(Fig. 6D). In cell viability assay, the IC50 of L-OHP was signifi-
cantly increased by HuR overexpression in HCT116 cells was
decreased by CDC6 knockdown (Fig. 6E), and the IC50 was
significantly reduced by HuR knockdown in HT-29 cells was
restored by CDC6 overexpression (Fig. 6F).These data supported
that CDC6 mediates the tumorigenic and proresistance function
of HuR in colorectal cancer cells.

Discussion
HuR regulates many cancer-related genes, including key factors

controlling cell growth, migration, and invasion, inflammation,
angiogenesis, and immune evasion (11, 13, 28). For example,
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Figure 3.

HuR overexpression promotes colorectal cancer tumorigenesis and L-OHP resistance in nude mice. HCT116 cells transfected with Lenti-HuR or the empty vector
(Lenti-NC) were subcutaneously injected into BALB/cA-numice. Three days later, the mice received L-OHP or PBS until being sacrificed on day 30 after
inoculation.A, Representative images of tumor-bearing mice on day 30. B, Tumor volume recorded every 3 days (n¼ 6 per group, � , P < 0.05). C, Tumor weight
on day 30 (n¼ 6 per group, � , P < 0.05). D, TUNEL staining of tumor tissues for detection of apoptosis. Scale bar, 50 mm. E, IHC staining of tumor tissues for HuR
and CDC6 expression. Scale bar, 50 mm. F, HuR and CDC6 protein expression in tumor tissues.
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Figure 4.

CDC6 promotes colorectal cancer cells' growth, DNA synthesis, EMT, migration, and invasion.A, Relative CDC6mRNA expression in HT-29, HCT116, SW480, and
VACO432 colorectal cancer cells and normal colonic epithelial cells (HCoEpiC) by qRT-PCR (n¼ 3, �� , P < 0.01 vs. HCoEpiC). Relative CDC6mRNA (B) and
protein (C) expression in HT-29 cells transfected with CDC6-shRNA1#, 2#, 3# or scr (n¼ 3; �, P < 0.05; �� , P < 0.01; ��� , P < 0.001 vs. scr). D, Cell growth of HT-29
cells transfected with scr, HuR-shRNA1# or HuR-shRNA2# by the CCK-8 assay (n¼ 3; � , P < 0.05; �� , P < 0.01). Relative CDC6mRNA (E) and protein (F)
expression in HCT116 cells transfected with Lenti-CDC6 (CDC6-OE) or the empty vector (NC; n¼ 3; �� , P < 0.01 vs. NC).G, Cell growth of HCT116 cells transfected
with Lenti-CDC6 (CDC6-OE) or the empty vector (NC) by the CCK-8 assay (n¼ 3; � , P < 0.05; �� , P < 0.01). The EMTmarkers E-cadherin, N-cadherin, and
Vimentin in HT-29 cells transfected with CDC6-shRNA1#, 2# or scr (H) and HCT116 cells transfected with Lenti-CDC6 (CDC6-OE) or the empty vector (NC; I) were
detected byWestern blot analysis. Migration and invasion of HT-29 cells transfected with CDC6-shRNA1#, 2# or scr (J) and HCT116 cells transfected with
Lenti-CDC6 (CDC6-OE) or the empty vector (NC; K) by Transwell assays [n¼ 3; � , P < 0.05; ��, P < 0.01 vs. scr (H) or NC (I)]. Scale bar, 20 mm.
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HuR regulates c-Myc, a central regulator of protein translation, by
binding to the 30-UTR of c-Myc (29).HuR also stabilizes cyclinD1
mRNA to increase cyclin D1 production in human mesangial
cells (30). Moreover, HuR silencing destabilizes Bcl-2 mRNA and
decreases Bcl-2 protein expression in glioma cells, thus activating
apoptosis and inhibiting glioma tumorigenesis in vitro and
in vivo (31). Colorectal cancer tumors exhibit differential expres-
sion of tumor-promoting genes that contain AREs within their 30-
UTRs (32), and many of these mRNA transcripts have been
shown to be regulated by HuR (33). Accordingly, elevated HuR
expression in colorectal cancer cells allows overexpression of
tumor-promoting factors such as VEGF, b-catenin, PLAGL2, and
COX-2 (14, 16, 34–36). The tumorigenic function of HuR in
colorectal cancer has been validated in mice bearing xenograft
tumors derived from HuR-overexpressing or HuR-knockdown
colorectal cancer cells (14). Furthermore, HuR has been linked
to chemoresistance of cancer cells (37–39), and HuR suppression
has been considered as a potential approach for reversing drug
resistance (31, 40).

In alignment with previous findings (14, 16–18), we detected
increased HuR expression in human colorectal cancer tumor
tissues and a positive association between high HuR expression
and tumor differentiation grade, TNM stage, and poor patient

survival. We also confirmed the tumorigenic function of HuR in
colorectal cancer through our in vitro cell proliferation and in vivo
xenograft studies. Furthermore, we found that HuR confers resis-
tance to L-OHP in vitro and in vivo colorectal cancer models with
HuR knockdown and/or HuR overexpression. High HuR expres-
sion has been linked to increased resistance to 5-fluorouracil in
patients with colorectal cancer, presumably through upregulation
of the multidrug resistance (MDR) transporter ABCG2 (41). In
addition, HuR has been implicated in epirubicin resistance in
human colorectal cancer cells through upregulation of galectin-3/
b-catenin signaling and MDR transporters (15). Although CDC6
has been identified as a target of HuR (24), the role of CDC6 in
colorectal cancer carcinogenesis remains largely undefined. In this
study, we demonstrated that CDC6 acts downstream of HuR to
promote colorectal cancer tumorigenesis and L-OHP resistance.
First, we detected elevated CDC6 levels in human colorectal
cancer tumor tissues, which positively correlated with tumorous
HuR. To our best knowledge, this is the first report on CDC6
expression in human colorectal cancer tumors. We subsequently
demonstrated that CDC6 overexpression increased while CDC6
knockdown reduced colorectal cancer cell malignant behaviors
and L-OHP resistance. Moreover, L-OHP resistance of colorectal
cancer cells increased by HuR overexpression was reversed by

Figure 5.

HuR upregulates CDC6 by binding to the 30-UTR of CDC6 mRNA. A, The sequence of the 30-UTR fragment of CDC6 containing the putative HuR binding site
(CDC6 30-UTR wt) is shown. CR, coding region; UTR, untranslated region. B, Luciferase reporter plasmids containing the empty vector (psiCHECK2), wild-type
(CDC6 30-UTR wt), or mutant 30-UTR of CDC6 (CDC6 30-UTRmut) were cotransfected with pcDNA3.1-HuR or the empty vector (pcDNA3.1-NC) as indicated into
293 cells. Luciferase activity was determined at 48 hours after transfection (n¼ 3; �� , P < 0.01). Detection of HuR and CDC6mRNA binding in HT-29 (C) and
HCT116 (D) cells by the ribonucleoprotein immunoprecipitation assay (n¼ 3; � , P < 0.05; ��, P < 0.01; no-RT, no reverse transcriptase). CDC6 protein expression in
HT-29 cells transfected with scr, HuR-shRNA1#, 2#, or 3# (E) and HCT116 cells transfected with Lenti-HuR (HuR-OE) or the empty vector (NC; F) byWestern blot
analysis.
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Figure 6.

HuR confers colorectal cancer cells' resistance to L-OHP by upregulating CDC6. A, HCT116 cells were transfected with Lenti-HuR (HuR-OE), the empty vector
(NC), CDC6-shRNA1# and CDC6-shRNA2#, alone or in combination as indicated, for 48 hours. Cell migration and invasionwere determined by Transwell assays
(n¼ 3; � , P < 0.05; �� , P < 0.01; ns, nonsignificant). Scale bar, 20 mm. B, HT-29 cells were transfected with scr, HuR-shRNA1#, HuR-shRNA2#, and Lenti-CDC6
(CDC6-OE), alone or in combination as indicated, for 48 hours. Cell migration and invasionwere determined by Transwell assays (n¼ 3; � , P < 0.05; �� , P < 0.01;
ns, nonsignificant). Scale bar, 20 mm. C, HCT116 cells were transfected with Lenti-HuR (HuR-OE), the empty vector (NC), CDC6-shRNA1#, and CDC6-shRNA2#,
alone or in combination as indicated, for 48 hours followed by L-OHP treatment. Colony formation was assessed under a microscope. (n¼ 3; � , P < 0.05;
�� , P < 0.01; ns, nonsignificant). D, HT-29 cells were transfected with scr, HuR-shRNA1#, HuR-shRNA2#, and Lenti-CDC6 (CDC6-OE), alone or in combination as
indicated, for 48 hours followed by L-OHP treatment. Colony formationwas assessed under a microscope. (n¼ 3; � , P < 0.05; �� , P < 0.01; ns, nonsignificant).
HCT116 cells were transfected with Lenti-HuR (HuR-OE), the empty vector (NC), CDC6-shRNA1# or CDC6-shRNA2# (E) and HT-29 cells were transfected with
scr, HuR-shRNA1#, HuR-shRNA2# or Lenti-CDC6 (CDC6-OE; F), alone or in combination as indicated, for 48 hours. Then HCT116 and HT-29 cells were incubated
with different concentrations of oxaliplatin (25, 50, 100, 200, and 400 mmol/L) for 48 hours. Cell viability was measured by CCK-8 assay, and the IC50 was
calculated. (n¼ 3; � , P < 0.05; �� , P < 0.01; ns, nonsignificant).
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CDC6knockdown. Finally, the results fromour luciferase reporter
and ribonucleoprotein immunoprecipitation assays confirmed
that HuR binds to the 30-UTR of CDC6 to upregulate CDC6
expression in colorectal cancer cells.

In light of HuR's essential role in carcinogenesis, efforts have
been made to identify novel HuR inhibitors to combat resistance
to certain chemotherapies (42–44). For example, pharmacologic
inhibition of HuR by the small-molecule MS-444 (45) sensitized
pancreatic cancer cells to oxaliplatin and 5-fluorouracil under
hypoxia conditions (44). Mechanistic studies have shown that
HuR forms dimers before RNA binding, and MS-444 blocks HuR
by inhibiting HuR dimerization (45). However, developing small
molecules that modulate protein–protein interactions is very
difficult, owing to the large size of the interaction interface and
the lack of defined binding pockets. Our work identified HuR's
regulation of CDC6 as a central mechanism driving colorectal
cancer tumorigenesis and L-OHP resistance. Accordingly, target-
ing the molecular interaction between HuR and the 30-UTR of
CDC6mRNAmay represent a novel strategy to overcome L-OHP
resistance in patients with colorectal cancer. Future studies are
required to validate the "drugability" of this approach.

In conclusion, we detected increased HuR and CDC6 expres-
sion in human colorectal cancer tissues. HuR overexpression
increased colorectal cancer cell proliferation in vitro and xeno-
graft tumor growth in vivo, and induced resistance to L-OHP.
Overexpression of CDC6 was more conducive to colorectal
cancer cells' malignant behaviors including growth, DNA syn-
thesis, EMT, migration, and invasion. In contrast, CDC6 knock-
down decreased colorectal cancer cells in these activities. More-
over, CDC6 promotes resistance to L-OHP–induced apoptosis
in colorectal cancer cells. Our data also provided strong evi-
dence that HuR binds to the 30-UTR of CDC6 to upregulate
CDC6 expression in colorectal cancer cells. Taken together, our

findings identified HuR's regulation of CDC6 as an essential
mechanism driving colorectal cancer tumorigenesis and L-OHP
resistance, and this mechanism may represent a potential target
for overcoming drug resistance in colorectal cancer.
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